Low oocyte quality is a possible causal factor of obesity-induced infertility. High palmitic acid (PA) concentration in follicular fluid is a crucial feature noted in obese women. This study examined how high PA concentration reduced mitochondrial quality in oocytes and investigated a possible countermeasure against mitochondrial dysfunction. Cumulus cell-oocyte complexes were obtained from the ovaries of gilts, and incubated in medium containing PA (0.5 mM) or vehicle (BSA) for 44 h. Culturing oocytes at high PA concentration induced mitochondrial dysfunction determined by high reactive oxygen species and low ATP content in oocytes. Furthermore, high PA levels increased mitochondrial acetylation levels determined by a high degree of co-localization of TOMM20 and acetylated-lysine. In addition, high PA levels reduced the expression of Sirtuin 3 (SIRT3) and phosphorylated AMP-activated protein kinase (AMPK), while the AMPK activator, AICAR, restored mitochondrial function as well as oocyte ability and reduced the acetylation of mitochondrial protein. Supplementation of culture medium with dorsomorphin dihydrochloride (an AMPK inhibitor) reduced mitochondrial function and increased mitochondrial protein acetylation. Treatment of oocytes with LB100 (an inhibitor of AMPK dephosphorylation) reduced mitochondrial acetylation levels and restored mitochondrial function. Furthermore, high PA levels increased ceramide accumulation in oocytes, and addition of ceramide to the culture medium also induced mitochondrial dysfunction and increased mitochondrial acetylation. This detrimental effect of ceramide was diminished by AICAR treatment of oocytes. Our results indicated that PA induces ceramide accumulation and downregulates the AMPK/SIRT3 pathway causing mitochondrial protein hyperacetylation and dysfunction in oocytes.
Introduction
Obesity is a major health concern in some regions of the world, and is associated with female infertility. Obesity-associated infertility is hypothesized to arise from deterioration of oocyte quality, which includes reduction of cryotolerance and fertilization ability and an increase in morphological abnormalities [1] [2] [3] [4] . Mitochondria are the principal organelle markers of oocyte quality; mitochondrial quality and number affect oocyte maturation, fertilization, and developmental competence [5] [6] [7] . Wu et al. [8] reported that mice on a high-fat diet exhibited low mitochondrial activity; however, the mechanism of obesity-induced low mitochondrial activity in oocytes and possible countermeasures against mitochondrial dysfunction were unclear.
Mitochondrial proteins are post-translationally modified in several ways, including acetylation [9] . Protein acetylation is enhanced by a constantly high concentration of acetyl-CoA in the mitochondria. Sirtuin 3 (SIRT3) is a deacetylation enzyme localized in mitochondria that deacetylates proteins associated with fatty acid oxidation (LCAD), antioxidants (SOD2), and ATP generation (NDUFA9), which is a fundamental mechanism in maintaining mitochondrial function [10] [11] [12] [13] ; based on these studies, SIRT3 is considered indispensable for mitochondrial function. It was reported that SIRT3 expression is low in skeletal muscles and hepatic cells of mice on a high-fat diet [14, 15] . Furthermore, activation of AMP-activated protein kinase (AMPK), which regulates SIRT3 expression, is suppressed in the kidney under a high-fat diet [16] . We speculated that high fat-induced mitochondrial dysfunction in oocytes was caused by the high acetylation state of mitochondrial proteins induced by low SIRT3 expression and low AMPK activity.
Palmitic acid (PA) is a major fatty acid used for ATP generation via fatty acid oxidation in mitochondria. However, an excessive amount of PA causes lipid accumulation in cells and induces endoplasmic reticulum stress and mitochondrial dysfunction [17] [18] [19] . A highly positive correlation exists between maternal body mass index and fatty acid concentration of follicular fluid [20] . Niu et al. [21] further demonstrated high PA concentrations in the follicular fluid of obese women compared with those in lean women.
In this study, we examined the effect of high PA levels on the acetylation levels of mitochondria in oocytes and on mitochondrial functions, investigated involvement the of the AMPK/SIRT3 pathway in PA-induced mitochondrial dysfunction, and considered a possible countermeasure against PA-induced mitochondrial dysfunction.
Materials and methods

Chemicals and media
All chemicals used in this study were purchased from Nacalai Tesque (Kyoto, Japan) unless otherwise indicated. The medium used for in vitro maturation (IVM medium) was porcine oocyte medium supplemented with 3 mg/mL polyvinyl alcohol [22] , 0.5 mM L-cysteine, 10 ng/mL epidermal growth factor (Sigma-Aldrich), 10 IU/mL equine chorionic gonadotropin (ASKA Pharma Co. Ltd, Tokyo, Japan), and 10 IU/mL human chorionic gonadotropin (Fuji Pharma Co. Ltd, Tokyo, Japan). We supplemented chemical reagents in the medium including an activator of AMPK (5-Aminoimidazole-4-carboxamide ribonucleotide: AICAR, Cell Signaling Technology Inc., Beverly, MA) and inhibitors of AMPK (Dorsomorphin dihydrochloride: DD, Santa Cruz Biotechnology), protein phosphatase 2A (LB100, MedChem Express, Monmouth Junction, NJ), and a short-chain ce- ramide (C2-Ceramide: C2-Cer, Santa Cruz Biotechnology). AICAR was used at a concentration of 250 μM, the optimal concentration determined in our previous study for improving oocyte maturation [23] . Optimal concentrations of DD, LB100, and C2-Cer were determined in this study.
Preparation of palmitic acid solution
Fatty acids bind to albumin in vivo. Therefore, we used BSA as the vehicle. Because PA is difficult to dissolve in distilled water, it was dissolved in ethanol at a concentration of 100 mM, and further diluted with phosphate-buffered saline (PBS) containing 10% BSA to obtain a 10 mM PA-BSA solution. Ethanol-BSA was added to every experimental medium to adjust the vehicle concentration.
Collection of ovaries and cumulus cell-oocyte complexes
Ovaries were collected from prepubertal gilts at a local slaughterhouse and transported to the laboratory within 1 h at 37
• C in PBS containing antibiotics. Cumulus cell-oocyte complexes (COCs) were retrieved from antral follicles, measuring 3−6 mm in diameter, using a 21-gauge needle (Terumo, Tokyo, Japan) connected to a 10-mL syringe (Terumo). Oocytes with multiple compact granulosa layers and even cytoplasm were selected and pooled.
In vitro maturation of oocytes
COCs were cultured in IVM medium for 44 h, after which the oocytes were denuded and used for experiments. To examine nuclear maturation, denuded oocytes were fixed in 4% paraformaldehyde for 1 day, mounted onto glass slides with anti-fade reagent containing DAPI (Invitrogen, Carlsbad, CA), and then observed under a fluorescence microscope (DMI 6000 B; Leica, Wetzlar, Germany). IVM was performed at 38.5
• C in an atmosphere of 5% CO 2 and 95% air.
ATP measurement
Oocytes were denuded from granulosa cells, and ATP content of individual oocytes was determined by measuring the luminescence generated in an ATP-dependent luciferin-luciferase bioluminescence assay (ATP assay kit; Toyo-Inc., Tokyo, Japan) as described previously [24] . Each sample was prepared by adding individual oocytes to 50 μL of distilled water.
Reactive oxygen species content determination
Oocytes were denuded from surrounding cells and incubated in IVM medium containing CM-H2DCFDA (a general oxidative stress indicator; Life Technologies, Eugene, OR) for 30 min according to the manufacturer's instructions. Oocytes were then mounted on glass-bottomed slides and observed using fluorescence microscope (Leica). Excitation and emission wavelengths used in this experiment were 490 nm and 525 nm, respectively. Fluorescence intensity of the oocytes was quantified using ImageJ software (National Institute of Health; NIH).
Mitochondrial DNA copy number determination
Mitochondrial DNA copy number in oocytes shows a wide variation among individual cohort ovaries. Therefore, comparison of mitochondrial DNA copy number must be performed in the individual oocyte collection. In our previous study [25] , mitochondrial DNA copy number from 10 oocytes of an individual ovary reflected the average mitochondrial DNA copy number of oocytes from this individual. Individual cohort oocytes were then divided into two groups and cultured in medium with or without PA, and each 10 oocytes were denuded from the granulosa cells and used for DNA extraction. PCR protocols were performed according to previously described methods [24] . Mitochondrial DNA copy number was determined by performing real-time PCR using a CFX Connect Real-Time PCR Detection System (Bio Rad, Hercules, CA) with the primers 5 -CGAGAAAGCACTTTCCAAGG-3 (forward) and 5 -CTAATTCGGGTGTTGGTGCT-3 (reverse) and Bio-Rad Ssofast-TM EvaGreen Supermix (Bio Rad, Hercules, CA, USA). The primers were designed using Primer3Plus (http://sourceforge.net/projects/primer3/) and the sequence data for porcine mitochondria (Accession number AF304202) to amplify a 151-base-pair (bp) region, from position 8744-8314. The melt curve was analyzed to verify the specificity of the PCR products, followed by electrophoresis to determine product size. As an external standard, the PCR product of the corresponding gene was cloned into a vector using the Zero Blunt TOPO PCR cloning kit (Invitrogen, Carlsbad, CA) and was sequenced for confirmation before use. The amplification efficiencies of all PCR runs were >1.9.
Immunostaining
Oocytes were denuded from granulosa cells after IVM, fixed by 4% paraformaldehyde for 1 day, and then immunostained as previously described [26] . Mouse monoclonal anti-TOMM20 ( AMPK (Threonine 172, 1:200; Cell Signaling Technology Inc.), and mouse monoclonal anti-ceramide (Enzo Life Science, Farmingdale, NY) were used as primary antibodies, while goat anti-rabbit IgG FITC-conjugate (1:500; Millipore, Tokyo, Japan) and anti-mouse IgG Alexa Fluor 555 (1:500; Cell Signaling Technology Inc.) were used as secondary antibodies. Oocytes were mounted onto glass slides with an anti-fade reagent containing DAPI. Fluorescence intensity was observed under a fluorescence microscope and quantified using ImageJ software. Oocytes double stained using antibodies against TOMM20 and acetylated-lysine were observed under a fluorescence microscope (Leica), and captured images were processed using 3D deconvolution which eliminates blur spread from the light source. For acquiring Pearson's correlation coefficient, we plotted the fluorescence intensities of red signals (TOMM20) against fluorescence intensities of green signals (acetylated-lysine) in each pixel position to calculate the coefficient (r value) using the Colocalization Finder function in ImageJ software (NIH). If the correlation coefficient was high, then the signals between green and red were highly co-localized and observed as a yellow signal in the merged image [27] . We repeated this process for over 20 pictures taken from the equatorial region of 20 different oocyte, and compared these correlation values between control groups and PA groups using the Student t-test. For each experiment, the nonfluorescence intensity of negative control oocytes that were stained without primary antibody was also checked.
Statistical analysis
All data obtained were assessed using one-way analysis of variance (ANOVA), followed by Fisher's LSD post hoc test, which was provided by the KaleidaGraph software and Student t-test. Percentage of nuclear maturation was arcsine-transformed prior to statistical analysis. Differences with P values < 0.05 were considered statistically significant.
Results
Palmitic acid induces mitochondrial hyperacetylation and dysfunction and reduces oocyte quality
We first treated COCs with various concentration of PA for 44 h and examined oocyte maturation and mitochondrial functions. High concentration of PA (0.5 mM) significantly reduced the percentage of nuclear maturation (Table 1 ) and ATP content in oocytes but increased the reactive oxygen species (ROS) content ( Figure 1A−C) . From these results, 0.5 mM PA was used in the subsequent experiments. There was no difference in mitochondrial DNA copy number between oocytes cultured with and without PA ( Figure 1D ). After 44 h of PA treatment, expression levels of TOMM20 and acetylated-lysine were comparative between PA-treated and untreated oocytes (data not shown), whereas significantly high colocalization of the two proteins was observed in PA-treated oocytes ( Figure 1E ).
Palmitic acid reduces SIRT3/p-AMPK expression levels; however, AICAR rescues the expression levels and attenuates mitochondrial dysfunction
Mitochondrial acetylation levels are regulated by SIRT3 and phosphorylation levels of AMPK, which is an upstream regulator of SIRT3. Here, we examined how PA affects the expression of SIRT3 and p-AMPK and whether addition of an AMPK activator (AICAR) diminished the detrimental effect of PA on SIRT3 and p-AMPK expression, mitochondrial functions, acetylation levels of mitochondria, and the nuclear maturation of oocytes. PA reduced the levels of SIRT3 and p-AMPK expression in oocytes. However, AICAR rescued the PA-induced reduction of SIRT3 and p-AMPK expression ( Figure 2A−D) ; the addition of AICAR alone to the medium did not change the SIRT3 and p-AMPK expression levels in oocytes. Furthermore, treatment of oocytes with AICAR restored the PA-induced reduction of ATP content, while ROS content was partially restored ( Figure 2E −G). It is possible that the limited restoration of ROS content by AICAR is due to p-AMPK independent oocyte damage by PA. The co-localization degree between TOMM20 and acetylated-lysine was significantly low in oocytes treated with both PA and AICAR compared with oocytes treated only with PA ( Figure 2H ). Interestingly, the percentage of nuclear maturation of oocytes treated with both PA and AICAR was significantly higher than that of oocytes treated only with PA (Table 2) .
AMPK inhibitor induces mitochondrial hyperacetylation and dysfunction
AMPK activity depends on phosphorylation at Threonine 172, and DD inhibited the phosphorylation of AMPK. First, we addressed the optimal concentration of DD affecting p-AMPK expression and found that oocytes treated with 1 μM DD reduced p-AMPK expression significantly ( Figure 3A and B) . Then, we examined the effect of DD (1 μM) on the expression levels of SIRT3, mitochondrial functions, and acetylation levels of mitochondria of oocytes. Treatment of oocytes with DD reduced the expression levels of SIRT3 ( Figure 3C and D) and increased the ROS but decreased the ATP content in oocytes ( Figure 3E−G) . The co-localization degree between TOMM20 and acetylated-lysine was significantly higher in oocytes treated with DD compared with that in nontreated oocytes ( Figure 3H ).
PP2A inhibitor restores palmitic acid-induced low p-AMPK expression and attenuates mitochondrial dysfunction
Here we addressed the causal factor of PA-induced low AMPK activity. Because protein phosphatase 2A (PP2A) is a potent phosphatase of AMPK [28] , we examined the effect a PP2A inhibitor, LB100, on the expression levels of p-AMPK and SIRT3, mitochondrial functions, and acetylation levels of mitochondria of oocytes deteriorated by PA. We examined the effect of various concentrations of LB100 on p-AMPK expression in oocytes treated with PA. Oocytes treated with 10 μM LB100 significantly restored the reduced p-AMPK expression in PA-treated oocytes compared with that in vehicle-treated oocytes ( Figure 4A and B) . Treatment of oocytes with LB100 also increased the expression levels of SIRT3 ( Figure 4C and D) . Supplementation of culture medium with LB100 restored PA-induced mito- chondrial deterioration such that LB100-treated oocytes showed low ROS levels and high ATP content in oocytes ( Figure 4E −G). LB100 significantly reduced the co-localization degree between TOMM20 and acetylated-lysine which was upregulated by PA treatment ( Figure 4H ).
Palmitic acid-induced ceramide accumulation causes mitochondrial hyperacetylation and dysfunction
The toxic effect of PA on cells was reportedly due to the accumulation of ceramide in cells [29] . We therefore examined ceramide levels between PA-treated and vehicle-treated oocytes. In addition, we examined the effect of culture medium supplementation with C2-Cer on mitochondrial functions and acetylation levels of mitochondria in oocytes. PA-induced ceramide accumulation was compared with that in vehicle-treated oocytes ( Figure 5A and B). Supplementation with 50 μM C2-Cer increased ROS and decreased the ATP content in oocytes ( Figure 5C−E) . Furthermore, C2-Cer significantly increased the co-localization degree between TOMM20 and acetylated-lysine in oocytes ( Figure 5F ).
AICAR rescues C2-Cer-induced mitochondrial hyperacetylation and attenuates dysfunction
Here, we examined the effect of C2-Cer on p-AMPK and SIRT3 levels; furthermore, we examined the notion that activation of AMPK by AICAR diminished the toxic effect of C2-cer on oocytes. Supplementation of oocytes with C2-Cer decreased the SIRT3 and p-AMPK expression in oocytes; however, AICAR diminished the effects of C2-Cer ( Figure 6A−D) . Furthermore, AICAR treatment restored oocytes from mitochondrial dysfunction observed as high ATP and low ROS levels. (Figure 6E −G). The co-localization degree between TOMM20 and acetylated-lysine was significantly lower in oocytes treated with AICAR and C2-Cer than in oocytes treated with only C2-Cer ( Figure 6H ).
Discussion
This study is the first report to reveal the mechanism of PA-induced mitochondrial dysfunction in oocytes. PA-induced mitochondrial dysfunction in oocytes via ceramide accumulation downregulates the AMPK/SIRT3 pathway through PP2A activation and increases the mitochondrial protein hyperacetylation (Figures 3-6 ). The follicular fluid from obese women (BMI <30) contains approximately 2.3 mM PA [21] . In our preliminary experiment, we measured fatty acids in the follicular fluid of 90 gilts, and found that the highest PA concentration was 0.5 mM (data not shown) and 0.5 mM PA is toxic for oocyte nuclear maturation. Some studies indicated a detrimental effect of PA on oocyte quality. Bovine oocytes collected from high PA containing follicles show low developmental ability to the blastocyst stage [30] . Supplementation of maturation medium with a high concentration of PA reduced the percentage of nuclear maturation, fertilization, and developmental ability to the blastocyst stage in bovine oocytes [31] . Chromatin condensation during meiotic maturation needs a sufficient amount of ATP [32] . Low ATP content in oocytes induces abnormalities in the spindle morphology and chromosome segregation [33] [34] [35] . Furthermore, it has been reported that increased oxidative stress in oocytes also causes spindle abnormality as well as abnormal chromatin arrangement [36] . In agreement with these reports, our experiments showed that PA reduced mitochondrial functions, which includes low ATP and high ROS content in oocytes. Double staining to detect mitochondrial protein acetylation using antibodies against TOMM20 and acetylated-lysine revealed that PA increased mitochondrial protein acetylation. A high-fat diet promotes mitochondrial protein acetylation in mice hepatic cells [37] . Mitochondrial proteins associated with the antioxidant, SOD2, and ATP generation, ND-UFA9, were reduced in function by protein hyperacetylation [11, 13, 38] . Based on these factors, we assumed that PA caused mitochondrial dysfunction through mitochondrial protein hyperacetylation of oocytes. Furthermore, we found that high PA concentration reduced the expression levels of SIRT3 and p-AMPK in oocytes. Since mice on a high-fat diet showed reduced SIRT3 levels in somatic cells [14, 15] , we assumed that PA was the reason for reduction of SIRT3 expression in oocytes, in other words, a high-fat environment. However, the AMPK activator, AICAR, restored p-AMPK and SIRT3 expression and ATP content in oocytes, which were deteriorated by PA. However, AICAR-mediated restoration of ROS levels in oocyte is limited, and this limitation likely comes from p-AMPK-independent cellular damage in oocytes. Furthermore, AICAR reduced the mitochondrial protein acetylation levels and rescued the PA-induced deterioration of the nuclear maturation of oocytes. From these results, we considered that AMPK activation by AICAR treatment improved mi- tochondrial degradation and the associated deterioration of oocyte quality. Supplementation with 1 μM DD (AMPK inhibitor) in IVM medium also reduced the expression levels of p-AMPK and SIRT3 and induced mitochondrial dysfunction and mitochondrial protein hyperacetylation in oocytes similar to PA supplementation.
PP2A, one of the serine/threonine phosphatases, reduces AMPK activity by dephosphorylation [28] . Wang et al. [39] showed that the expression levels of PP2A in endothelial progenitor cells were increased in mouse models of type 1 diabetes, which induced low AMPK activity and excessive ROS generation in mitochondria. We demonstrated that PP2A was related to the low AMPK activity and mitochondrial dysfunction in oocytes treated with PA, from experiments with the supplementation of specific and potent PP2A inhibitor, LB100 [40] , in culture medium containing PA.
Some studies have shown that PP2A is activated by ceramide, which is one of the sphingolipids [41, 42] . Ceramide is part of the lipid bilayer of the cellular membrane and acts as an intracellular signaling molecule that induces apoptosis [43] . Pereira et al. [29] reported that high PA concentration induced ceramide accumulation via serine-palmitoyl transferase. In this study, PA increased the ceramide content in oocytes. Furthermore, treatment with 50 μM C2-cer, which is a short-chain ceramide with high permeability, resulted in deteriorated mitochondrial function and mitochondrial protein hyperacetylation in oocytes. Expression levels of p-AMPK and SIRT3 were also low in oocytes treated with C2-Cer; however, AICAR rescued this low expression, mitochondrial dysfunction, and mitochondrial hyperacetylation.
The mechanism revealed in these experiments is indicated in Figure 7 . PA-induced ceramide accumulation downregulated the AMPK/SIRT3 pathway via PP2A activity, and caused mitochondrial protein hyperacetylation and mitochondrial dysfunction. However, AICAR-induced AMPK activation rescued the PA-induced mitochondrial dysfunction and oocyte deterioration. This study demonstrated the effect of high fat on mitochondrial function in oocytes and a possible countermeasure against mitochondrial dysfunction. We believe that these findings may be applicable to future development of assisted reproductive technologies.
